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Layer II (LII) of the medial entorhinal cortex (MEC)
comprises grid cells that support spatial navigation.
The firing pattern of grid cells might be explained by
attractor dynamics in anetwork,which requireseither
direct excitatory connectivity between phase-spe-
cific grid cells or indirect coupling via interneurons.
However, knowledge regarding local networks that
support in vivo activity is incomplete. Here we identi-
fied essential components of LII networks in theMEC.
We distinguished four types of excitatory neurons
that exhibit cell-type-specific local excitatory and
inhibitory connectivity. Furthermore, we found that
LII neurons contribute to the excitation of contralat-
eral neurons in the corresponding layer. Finally, we
demonstrated that the medial septum controls exci-
tation in the MEC via two subpopulations of long-
range GABAergic neurons that target distinct inter-
neurons in LII, thereby disinhibiting local circuits.
We thus identified local connections that could sup-
port attractor dynamics and external inputs that likely
govern excitation in LII.
INTRODUCTION
The medial entorhinal cortex (MEC) is a major in- and output
structure of the hippocampus and participates in processes sup-
porting spatial navigation, learning, and memory (Bannerman
et al., 2001; Howard et al., 2014; Steffenach et al., 2005; Suh
et al., 2011). The superficial layer II (LII) and layer III (LIII) of the
MEC are the origin of the perforant path terminating in the den-
tate gyrus and the temporo-ammonic pathway directly targeting
CA1 neurons in the hippocampus.
Neurons located in the superficial layers of the MEC exhibit
distinct spatial firing patterns. The most extensively studied are
LII/III grid cells, which display a hexagonal firing pattern in two-
dimensional environments (Hafting et al., 2005). The increasing
information pertaining to many of the unique grid cell features194 Neuron 89, 194–208, January 6, 2016 ª2016 The Authorscontrasts with the sparse knowledge regarding the generation
of their conspicuous firing pattern. Many types of network
models were proposed that try to account for the generation
of grid-like firing (Burak, 2014; Burgess and O’Keefe, 2011; Gio-
como et al., 2011; McNaughton et al., 2006). However, even
promising attractor models have been recently challenged, as
they are not fully supported by empirical data. Thus, an important
premise of attractor models is based on the presence of local
connectivity between grid cells. In earlier models, this was imple-
mented by direct excitatory connections between grid cells.
Alternatively, a grid cell pattern can emerge in networks based
on purely inhibitory local connections (Burak and Fiete, 2009).
Grid-like firing also was generated in attractor models with grid
cell communication mediated disynaptically via inhibitory inter-
neurons (Couey et al., 2013; Pastoll et al., 2013; Roudi and
Moser, 2014). These models were supported by empirical data
that showed a lack of connectivity between stellate cells (Dhillon
and Jones, 2000), but bidirectional connectivity between stellate
cells and local inhibitory neurons (Couey et al., 2013; Pastoll
et al., 2013).
Although electrophysiological recordings in vitro failed to
establish excitatory connections between stellate cells (i.e., pu-
tative grid cells), there is the intriguing possibility that other excit-
atory neurons in LII might support grid-like firing by providing
local excitation, as required by attractor models based on excit-
atory recurrent connectivity. Indeed, electrophysiological in vivo
data support this notion as, upon morphological reconstruction,
putative grid cells were found to comprise both stellate and
pyramidal neurons (Domnisoru et al., 2013). The idea that both
cell types could exhibit a grid cell firing pattern, although to a
different degree, received further support from experimental
work in which juxtacellularly labeled putative grid cells (Tang
et al., 2014) and in vivo Ca2+ imaging in distinct cell types (Sun
et al., 2015) were analyzed. However, it is not clear whether,
and to which extent, pyramidal cells are connected within LII.
On the basis of electrophysiological properties measured
in vitro, Alonso and Klink (1993) identified the existence of two
cell types in LII, namely stellate and pyramidal-like cells. These
findings were further extended by Canto and Witter (2012),
who also distinguished between stellate and pyramidal cells
but pointed out that there is a certain degree of variability within
each cell class. The presence of at least two defined types of
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Figure 1. Morphological and Electrophysiological Features of Defined Excitatory LII Cell Types in Dorsal MEC
(A) Reconstruction of four representative neurons belonging to the indicated cell type (dendrites in black, apical dendrite in blue, axon in red) and their corre-
sponding firing pattern upon somatic current injection (200 to 600 pA). ISI1/2 plus dAP reveal differences between the four cell types: the stellate cell and
intermediate stellate cell exhibit burstiness, the firing pattern of pyramidal cell and intermediate pyramidal cell displays adaptation, and dAP is absent in the
pyramidal cell.
(B) Distribution of stellate (gray circles) and intermediate stellate cells (green triangles) when using latency to spike firing, ISI1/2, and dAP as distinction criteria.
(legend continued on next page)
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excitatory neurons is further supported by immunohistochemical
evidence. Thus, calbindin (CB) and reelin (RE) expression in LII
was correlated with the pyramidal and stellate phenotype,
respectively (Kitamura et al., 2014; Ray et al., 2014; Varga
et al., 2010). Interestingly, the expression pattern of the two
markers exhibited a striking modular organization (Kitamura
et al., 2014; Ray et al., 2014).
There is indication that the two types of excitatory neurons are
differentially wired both locally as well as with respect to their
downstream targets. Thus, inhibition onto stellate cells is pro-
vided by fast-spiking (FS), parvalbumin-positive (PV+) interneu-
rons (Buetfering et al., 2014; Couey et al., 2013; Pastoll et al.,
2013), while pyramidal cells are inhibited by cholecystokinin+ in-
terneurons (Varga et al., 2010). Regarding the output projections
of the two cell types, there is clear evidence that stellate/RE+
neurons constitute the perforant path and project to the dentate
gyrus. The target area of pyramidal and/or CB+ neurons is still an
issue of debate. While Varga et al. (2010) reported that CB+ neu-
rons project to the contralateral MEC, a recent study proposed
that CB+/WFS1+ neurons contribute to the temporo-ammonic
pathway thereby directly targeting the CA1 region (Kitamura
et al., 2014).
Finally, an important yet unresolved question pertains to the
contribution of the external input in driving and/or modulating
grid cell firing. Thus, inactivation of the medial septum (MS) dis-
rupts the spatial periodicity of grid cell firing (Brandon et al.,
2011; Koenig et al., 2011) without affecting the activity of other
spatially tuned cells, such as boundary cells and head-direction
cells. The septo-entorhinal pathway comprises cholinergic and
GABAergic projections (Alonso and Ko¨hler, 1984; Ko¨hler et al.,
1984). The latter received attention only lately. Thus, it is note-
worthy that septal GABAergic neurons target FS and low
threshold-spiking (LTS) interneurons in all layers of the MEC
(Gonzalez-Sulser et al., 2014).
On the basis of these premises the following pressing ques-
tions arise: (1) Are pyramidal and/or CB+ neurons in LII directly
interconnected and can thereby support some of the demands
requested by attractor network models? (2) Are there yet other
excitatory cell types in LII, and if so, how are they locally con-
nected? (3) Are excitatory LII neurons differentially connected
to inhibitory LII neurons? (4) And finally, do other brain regions
that project to the MEC (e.g. the septum or contralateral MEC)
contribute substantially to the recruitment of LII neurons, and if
so, what are the mechanisms by which they do so?
Hence we revisited the dorsal MEC and analyzed electrophys-
iological and morphological properties of LII MEC neurons.(C) Distribution of pyramidal cells (blue squares) and intermediate pyramidal ce
criteria.
(D) Principal component analysis based on the same electrophysiological param
shows the first two principal components, with component 2 representing pre
remaining variables. Note the clear separation between stellate (black) and pyra
pyramidal [red] cells) display an ‘‘intermediate’’ distribution.
(E) Differences in soma size and numbers of primary dendrites of the four excita
(F) Sholl analysis reveals difference between the four cell types when plotting de
(two-way ANOVA, F(144,1813) = 4.43, ***p < 0.001). Stellate and intermediate pyram
pyramidal and intermediate stellate cells.
Abbreviations are as follows: ISI, interspike interval; dAP, depolarized afterpoten
196 Neuron 89, 194–208, January 6, 2016 ª2016 The AuthorsAided by connectivity measurements performed in mice ex-
pressing fluorescent proteins in defined neurons, we distin-
guished distinct excitatory cell types that exhibit cell-type-spe-
cific excitatory and inhibitory local connectivity. We addressed
the long-range connectivity by combining retrograde tracer in-
jections with optogenetic and electrophysiological analysis of
target neurons. We identified and characterized two external in-
puts, namely excitatory projections from the contralateral MEC
and inhibitory projections from the MS.
RESULTS
Electrophysiological and Morphological
Characterization of LII Excitatory Neurons
We identified four distinct types of excitatory neurons in LII,
referred to hereafter as stellate cells, intermediate stellate cells,
pyramidal cells, and intermediate pyramidal cells. Our classifica-
tion is based on the following morphological and electrophysio-
logical features: (1) hyperpolarizing and depolarizing sag
potential, (2) burst firing (shorter ratio of ISI1/2) in response to de-
polarization, (3) depolarizing afterpotential (dAP), (4) latency to
first spike, and (5) the presence of a main (apical) dendrite (Fig-
ure 1; Table S1). The first three criteria were used previously to
differentiate between stellate and non-stellate cells in the MEC
(Alonso and Klink, 1993; Canto and Witter, 2012). The most
outstanding feature of stellate cells was the sag potential and
burst firing, while pyramidal cells exhibited longer latency to first
spike and more pronounced adaption of spike firing. In contrast
to stellate cells, intermediate stellate cells displayed a significant
longer latency to the first spike (>100 ms; Figures 1A and 1B;
Table S1). Finally, the most prominent feature aiding in sepa-
rating intermediate pyramidal cells from pyramidal cells was a
clear dAP (>0.5 mV) in the former (Figures 1A and 1C; Table
S1). Principal component analysis based on the five parameters
resulted in a clear separation between stellate and pyramidal
cells and underlined the ‘‘intermediate’’ distribution of the two
intermediate cell types (Figure 1D).
A classification into four subtypes was further supported when
morphological criteria were taken into account. Both the soma
perimeter (63.38 ±2.49 versus 51.18 ±3.1mm;p<0.05) and num-
ber of primary dendrites (11.3 ± 0.8 versus 7.8 ±0.59; p< 0.05, n =
12 and 8 cells, respectively; Figure 1E) were significantly different
when comparing stellate cells and pyramidal cells. Values ob-
tained for intermediate stellate and intermediate pyramidal cells
were ‘‘intermediate’’ between those of stellate and pyramidal
cells (soma perimeter: 60.72 ± 2.88 and 54.76 ± 2.16 mm; numberlls (red triangles) when using dAP, sag potential, and latency as distinction
eters as used in (B) and (C) plus the presence of an apical dendrite. The plot
dominantly latency while component 1 combines information from the four
midal cells (blue), whereas both intermediate cells (IM stellate [green] and IM
tory cell types (*p < 0.05).
ndritic length as a function of circular distance from the soma in 10-mm steps
idal cells exhibit locally (10–80 mm) a higher density of dendrites compared to
tial; and IM, intermediate. See also Figure S1 and Table S1.
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Figure 2. Local Excitatory Connectivity in LII of the MEC
(A) Firing pattern (left) of indicated excitatory cells inCBCre mice. The PC and IM PC, but not the SC, are excited by ChR2 stimulation (right, stimulation is indicated
by red bar above the spike).
(B) uEPSCs recorded at70 mV in indicated cells elicited by a train of 10 action potentials in the presynaptic neuron (40 Hz) (action potential traces in red, upper
row). The direction of tested connectivity is indicated by an arrow. uEPSCs are not blocked by Gabazine, but by Gabazine plus CNQX (both at a concentration of
10 mM).
(C) Summary graph of investigated connections between indicated cell types.
(D) Firing pattern of tested excitatory cells in Uchl1Cre mice. Representative examples showing activation of a SC and IM SC following ChR2 stimulation
(stimulation is indicated by red bar above the spike).
(E) uEPSCs recorded at 70 mV in indicated cells elicited by a train of 10 action potentials in the presynaptic neuron (40 Hz) (action potential traces in red,
upper row).
(F) Summary graph of investigated connections between indicated cell types. The numbers above the bars indicate the number of analyzed cell pairs.
Abbreviations are as follows: L, layer; IM, intermediate; MEC, medial entorhinal cortex; PC, pyramidal cell; SC, stellate cell; IM PC, intermediate pyramidal cell;
and IM SC, intermediate stellate cell. See also Figures S2 and S3.of primary dendrites: 10.4 ± 1.1and 10.3 ± 1.1, n = 10 and 12
cells, respectively; Figure 1E). Furthermore, Sholl analysis of re-
constructed cells revealed a significant difference regarding the
dendritic distribution between the four cell types (two-way
ANOVA followed by post hoc Bonferroni test; Figure 1F; Figures
S1A and S1B).
A classification of these four cell types based on morpholog-
ical and physiological features had a less clear counterpart
when the immunocytochemical markers RE and CB/WFS1
were employed. Even though RE was expressed in all stellate
cells and intermediate stellate cells, the marker could be de-
tected also to a variable extent in cells belonging to the other
two cell types. Similarly, WFS1 was detected in a large propor-
tion of pyramidal cells and intermediate pyramidal cells, but
the marker could be found also in some intermediate stellate
cells (Table S1). On the basis of marker expression a defined
cell type could not be further subdivided. In other words, the
electrophysiological properties of intermediate pyramidal cells
expressing RE did not differ from those of intermediate pyrami-
dal cells expressing WFS1. In our hands, WFS1 was a more reli-
able marker than CB in post hoc analysis of biocytin-filled cells.
The two markers colocalized almost completely in LII excitatorycells of dorsal MEC (97.9% ± 0.7% of 934 CB+/GAD67EGFP
neurons counted in 4 hemispheres from 2 GAD67EGFP mice).
Local Connectivity between Distinct Excitatory LII
Neurons
As CB is preferentially expressed in pyramidal and intermediate
pyramidal cells and RE marks stellate and intermediate stellate
cells, we employedmice in which CB+ and RE+ neurons were flu-
orescently labeled to speed up the identification of excitatory
neurons when measuring their putative connectivity (Figure S2).
To identify CB+ neurons, we injected adeno-associated viral
vector (AAV) DIO ChR2-mCherry into the MEC of CBCre mice.
This resulted in specific mCherry expression in CB+ neurons
(Figures S2A–S2D) that, based on their firing pattern, could be
easily further classified as pyramidal and intermediate pyrami-
dal cells (Figure 2A). Non-labeled neurons comprised stellate
and intermediate stellate cells. We recorded unitary excitatory
postsynaptic currents (uEPSCs) from pairs of neurons whose
somata were located at a distance of <40 mm in LII. We elicited
trains of presynaptic action potentials (10 spikes at 40 Hz), and
searched in neighboring neurons for monosynaptic uEPSCs
that were sensitive to the AMPA receptor inhibitor CNQX, butNeuron 89, 194–208, January 6, 2016 ª2016 The Authors 197
not to the GABAA receptor antagonist Gabazine. Direct connec-
tions between pairs of pyramidal cells or between pyramidal
cells and stellate cells were extremely rare (1 of 56 pyramidal-
pyramidal pairs, and 0 of 38 pyramidal-stellate pairs; Figures
S3A and S3B). In contrast, intermediate pyramidal cells excited
both pyramidal and stellate cells with higher probability (Figures
2A–2C; Figures S3A and S3B). Thus, the connectivity from inter-
mediate pyramidal cells to pyramidal cells was 7.5% (3 of 40
pairs), and 4.8% in the opposite direction (2 of 42 pairs; Figures
2A–2C; Figures S3A and S3B). In pairs of intermediate pyrami-
dal cells and stellate cells, the connectivity was 10.0% from
intermediate pyramidal cells to stellate cells (4 of 40 pairs),
but absent in the opposite direction (0 of 39 pairs; Figures 2A–
2C; Figures S3A and S3B). Between intermediate pyramidal
cell pairs, the connectivity was 4.7% (2 of 43 pairs; Figures
2A–2C; Figures S3A and S3B).
To aid the identification and study the two predominantly RE
expressing cell types, namely stellate and intermediate stellate
cells, we injected AAV DIO ChR2-mCherry into the MEC of
Uchl1Cre mice, which resulted in fluorescently labeled RE+ neu-
rons (Figures S2E and S2F). We concur with previous observa-
tions (Couey et al., 2013) that stellate cells (classified based on
electrophysiological parameters) are not connected (0 of 100
pairs tested in both directions). However, the connectivity be-
tween intermediate stellate cells and stellate cells was 6.5%
(3 of 46 pairs), and 4.3% in the opposite direction (2 of 47 pairs;
Figures 2D–2F; Figures S3C and S3D).
Local Connectivity between Distinct Excitatory and
Inhibitory LII Neurons
To test whether the four excitatory cell types in LII differ with
respect to their inhibitory input, we recorded from pairs of excit-
atory cells and neighboring inhibitory neurons belonging to one
of the three major interneuron subpopulations, namely PV+,
somatostatin+ (SOM), and 5-HT3A
+ neurons (Lee et al., 2010).
FS putative PV+ interneurons were reported to provide exten-
sive inhibition onto stellate cells (Beed et al., 2013; Couey et al.,
2013). PV immunohistochemistry, however, indicates that CB+/
WFS1+ neurons must also be targeted by PV+ interneurons
as evidenced by basket-like structures around CB+/WFS1+ cell
bodies (Figures 3A and 3B; Figures S4A–S4C). To probe for
the presence of monosynaptic connectivity between FS inter-
neurons and all four excitatory cell types, we performed paired
recordings in neurons identified by their firing pattern. We re-
corded unitary inhibitory PSCs (uIPSCs) at a holding potential
of50mV in excitatory cells, and uEPSCs at70mV in FS inter-
neurons, respectively. In agreement with previous data (Couey
et al., 2013), connectivity from FS interneurons onto stellate cells
was 35.7% (10 of 28 pairs), and 25.9% in the opposite direction
(7 of 27 pairs; Figure 3C; Figure S5A). There was no connectivity
in either direction between FS interneurons and pyramidal cells
(0 of 29 pairs for each direction). Notably, FS interneurons inhibit
both intermediate pyramidal cells and intermediate stellate cells,
and receive excitatory input from both. Thus, in pairs of FS inter-
neurons and intermediate pyramidal cells, the probability of
monosynaptic uIPSCs was 36.6% (15 of 41 pairs), and that of
uEPSC 47.5% (19 of 40 pairs; Figure 3C; Figure S5A). Connectiv-
ity from FS interneurons to intermediate stellate cells was 45.5%198 Neuron 89, 194–208, January 6, 2016 ª2016 The Authors(10 of 22 pairs), and 28.6% (6 of 21 pairs) in the opposite direction
(Figure 3C; Figure S5A).
SOM+ and PV+ interneurons are virtually non-overlapping cell
populations as revealed by double-labeling experiments upon
injection of AAV DIO ChR2-mCherry into the MEC of SOMCre
mice (Figure 3D). Also the axonal targeting pattern differed
between the two interneuron populations. Thus, SOM+ axons
extended preferentially between islands and in LI (Figure 3E).
The firing pattern of all virally transduced fluorescent SOM+ inter-
neurons was characterized by low-threshold firing and the pres-
ence of a prominent sag potential (Figure 3F; Figure S5B). In
pairs of SOM+ interneurons and excitatory cells, we detected
inhibitory input onto stellate cells and intermediate pyramidal
cells (5 of 37 tested SOM+-stellate cell pairs, 5 of 41 tested
SOM+-intermediate pyramidal cell pairs; Figure 3F; Figure S5B).
In contrast, pyramidal cells and intermediate stellate cells
received no monosynaptic uIPSCs from SOM+ interneurons
(0 of 40 tested SOM+-pyramidal cell pairs, 0 of 25 SOM+-inter-
mediate stellate cell pairs; Figure 3F; Figure S5B). Excitation
onto SOM+ cells was provided by stellate cells (5 of 35 pairs), in-
termediate pyramidal cells (12 of 41 pairs), and intermediate stel-
late cells (2 of 21 pairs), but not pyramidal cells (0 of 41 pairs).
5-HT3A
+ interneurons, identified with the help of 5-HT3A
EGFP
mice (Inta et al., 2008), constituted the third discrete interneuron
cell population in LII of the MEC (Figures 3G and 3H), as reported
for somatosensory cortex (Lee et al., 2010). The firing patterns of
this interneuron cell population were reminiscent of what was
found in the somatosensory cortex (Lee et al., 2010). We de-
tected inhibitory monosynaptic input from 5-HT3A
EGFP+ interneu-
rons onto all four excitatory cell types, with the preferred target
being intermediate pyramidal cells andpyramidal cells (Figure 3I).
Thus, the connectivity from 5-HT3A
EGFP+ interneurons to pyrami-
dal cells was 26.3% (10 of 38 pairs), and that from 5-HT3A
EGFP+
interneurons to intermediate pyramidal cells 25.0% (10 of 40
pairs; Figure 3I; Figure S5C). Finally, 5-HT3A
EGFP+ interneurons
received excitation from all four cell types, that is, stellate cells
(1 of 44 pairs), pyramidal cells (3 of 46 pairs), intermediate
pyramidal cells (5 of 35 pairs), and intermediate stellate cells
(2 of 31 pairs).
CB+ Neurons Are a Source of Excitation to LII Neurons in
the Contralateral MEC
Varga et al. (2010) reported that CB+ neurons in LII project to the
contralateral MEC. Two recent studies emphasized that CB+
neurons are organized in islands (Kitamura et al., 2014; Ray
et al., 2014). Hence the following question was raised: Are CB+
neurons in islands the main source connecting the left and right
MEC?We injected unilaterally the retrograde tracer cholera toxin
subunit B (CTB) into the MEC of wild-type mice. Indeed, we
could detect CTB+ neurons in LII of the contralateral MEC (Fig-
ure 4A). To further verify their identity, we performed immunohis-
tochemical experiments. We found that 76.9% ± 2.8% CTB+ LII
neurons were CB+ (626 CTB+ neurons in 5 hemispheres from 5
wild-type mice) and RE (only 1% ± 0.6% was RE+, 384 CTB+
neurons in 5 hemispheres from 5 wild-type mice). Most CTB+/
CB+ LII neurons (89.5% ± 1.6%) were localized in CB islands
(Figure 4B). In deep LII, CTB+/CB+ neurons displayed a typical
pyramidal-cell-like morphology, in contrast to more superficially
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localized CTB+/CB+ neurons that exhibited an oblique orienta-
tion of their soma and apical dendritic tree (Figure 1A; Figure S6),
reminiscent of the previously described oblique pyramidal cells
(Canto and Witter, 2012; Klink and Alonso, 1997). On the basis
of electrophysiological properties, we classified the former
CTB+ cells as pyramidal cells (Figure 1A) and the latter as inter-
mediate pyramidal cells (Figure 1A). It should be pointed out
though that the majority of CTB+ neurons were located in LIII
(Figure 4A).
To probe whether the interhemispheric MEC connectivity
comprises also a GABAergic component, CTB was injected
unilaterally into the MEC of GAD67EGFP mice. We did not detect
retrogradely labeled GABAergic neurons (LII: 443 CTB+/GAD67
neurons; LIII: 1790 CTB+/GAD67 neurons, 3 hemispheres from
3 GAD67EGFP mice).
To detect target neurons of the contralaterally projecting CB+
neurons, we injected AAV DIO-ChR2-mCherry unilaterally
into the MEC of CBCre mice (Figure 4C) and investigated the
axonal projection pattern in the contralateral MEC (n = 3 mice;
Figure 4D). Fluorescently labeled axons targeted LII and LI
(Figure 4D).
To identify target neurons in LII of the contralateral MEC, we
combined laser stimulation of ChR2-expressing axons and
whole-cell recordings. Laser stimulation elicited reliable EPSCs
in stellate, intermediate stellate, and FS cells, and less frequently
in pyramidal and intermediate pyramidal cells and non-FS
interneurons (Figure 4E; Table S2). To distinguish between
direct (monosynaptic) and indirect (polysynaptic) responses,
we blocked voltage-dependent Na+ channels with 1 mM tetrodo-
toxin (TTX), and K+ channels that are critical for axonal repolari-
zation with 100 mM 4-aminopyridin (4-AP). We detected mono-
synaptic input from the contralateral MEC in stellate cells,
intermediate stellate cells, and FS interneurons. The excitatoryFigure 3. Local Inhibitory Connectivity in LII of the MEC
(A) WFS1+ neurons in an island (left) receive innervation from PV+ axons visualize
MEC of a PVCre mouse (middle). The merged picture shows immunostaining for
(B) Confocal image of PV+ and VGAT+ axon terminals surrounding the soma of a
(C) Firing pattern (left) and representative traces (middle) of unitary IPSCs (uIPS
excitatory cells. uIPSCs were recorded at 50 mV, and uEPSCs at 70 mV in
potentials (40 Hz) (train of 10 action potentials in red). The summary graph (right) s
cells.
(D) MCherry expression in SOM+ interneurons in LII following AAV DIO ChR2-mCh
interneurons that expressed SOM or PV in MEC LII of SOMCre mice (right). The n
(E) PV+ and SOM+ (labeled bymCherry following AAVDIOChR2-mCherry injection
around islands (left). mCherry expression reveals that fluorescently labeled axons
100 mm.
(F) Firing pattern (left) and representative traces (middle) of uIPSCs (black) and u
was tested by eliciting a train of 10 action potentials in the presynaptic neuron (tra
evaluation of connectivity between SOM+ interneurons and indicated excitatory
(G) PV (left), calretinin (middle), and SOM (right) immunostaining inMEC LII of a 5-H
a higher magnification in the upper left corner. Scale bar, 100 mm.
(H) Quantification of EGFP+ interneurons expressing PV, CR, or SOM in LII of the
two or three mice.
(I) Firing pattern (left) and representative traces (middle) of uIPSCs (black) and
summary graph (right) shows quantitative evaluation of investigated connections
connections. The total number for the different cell pairs is indicated above the b
Abbreviations are as follows: PC, pyramidal cell; SC, stellate cell; IM PC, interm
5-HT3A receptor; 5HT3, 5-HT3A
+ interneuron; L, layer; PV, parvalbumin; SOM, s
and S5.
200 Neuron 89, 194–208, January 6, 2016 ª2016 The Authorsnature of the connections was further substantiated by the selec-
tive blockage with 10 mM CNQX and 50 mM D-AP5, but not with
10 mM Gabazine (n = 6 cells; Figure 4E; Table S2).
Excitatory and Inhibitory LII Neurons Project to the MS
Given that injection of the retrograde tracer CTB into the contra-
lateral MEC always led to the labeling of a small fraction of CB+
neurons within an island, we wondered whether CB+ neurons
might also project to other brain areas. We chose to first investi-
gate the MS as this structure is reciprocally connected with the
MEC (Alonso and Ko¨hler, 1984). Upon injection of CTB into the
MS of GAD67EGFP mice, we detected labeled LII neurons that
were often clustered (Figure 5A). Staining with CB or RE anti-
bodies revealed that most CTB+ cells were excitatory CB+/
GAD67 neurons (69% ± 2.2% CTB+/CB+/GAD67; of these,
92.7% ± 1.8% CTB+/CB+/GAD67 were localized in CB islands;
a total of 449 CTB+ neurons in 8 hemispheres from 4GAD67EGFP
mice were analyzed; Figure 5B). In addition, electrophysiological
characterization indicated that all tested CTB+ cells exhibited an
intermediate pyramidal cell phenotype (6 out of 6 cells from 3
mice). We detected a small population of RE+ cells that also proj-
ect to the MS (6.3% ± 2.4% CTB+/RE+/GAD67; 225 CTB+ neu-
rons in 5 hemispheres from 3 GAD67EGFP mice; Figure 5B).
These neurons were localized in the intermediate or ventral MEC.
We subsequently investigated whether a defined island pro-
vides input to both the contralateral MEC and the MS. To this
end we injected green fluorescently labeled CTB into the MS
and red fluorescently labeled CTB into the contralateral MEC.
Notably, we could detect the two fluorochromes in CB+ neurons
that were localized within the same island (n = 4 wild-type mice;
Figure 5C).
Interestingly, CTB injection into theMS ofGAD67EGFPmice re-
vealed the existence not only of excitatory CTB+/EGFP neuronsd by mCherry expression following AAV DIO ChR2-mCherry injection into the
VGAT, a marker of GABAergic terminals (right). Scale bar, 100 mm.
WFS1+ neuron in LII.
Cs, black) and unitary EPSCs (uEPSCs, red) recorded in FS interneurons and
the respective postsynaptic neuron, and were elicited by a train of 10 action
hows the investigated connections between LII FS interneurons and excitatory
erry injection into theMEC of a SOMCre mouse (left). Quantification of mCherry+
umbers indicate analyzed mCherry+ neurons from two mice.
into theMEC of aSOMCremouse) interneurons in LII are localized preferentially
of SOM+ interneurons are localized between islands and in LI (right). Scale bar,
EPSCs (red) recorded in SOM+ interneurons and excitatory cells. Connectivity
in of action potentials in red). The summary graph (right) shows the quantitative
cells.
T3A
EGFPmouse. The boxed double-labeled CR+/EGFP+ interneuron is shown at
MEC in 5-HT3A
EGFP mice. The numbers indicate analyzed EGFP+ neurons from
uEPSCs (red) detected in 5-HT3A
EGFP+ interneurons and excitatory cells. The
between indicated cell types. Data are represented as percentage of analyzed
ars.
ediate pyramidal cell; IM SC, intermediate stellate cell; CR, calretinin; 5-HT3A,
omatostatin; and VGAT, vesicular glutamate transporter. See also Figures S4
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Figure 4. LII CB+ Neurons Target Multiple
Cell Types in LII of the Contralateral MEC
(A) Retrogradely labeled LII and LIII neurons
following CTB injection into the contralateral MEC
(sagittal section).
(B) Most retrogradely labeled neurons (blue) in LII
were CB+ (red) and localized in CB+ islands (the
confines of this island are indicated by a dashed
line). The Inset is a higher magnification of the
indicated area (white square) and shows a CTB+/
CB+ neuron. Scale bar, 100 mm.
(C) Confocal image of injection site in LII following
AAV DIO-ChR2-mCherry injection into the MEC of
CBCre mice. Scale bar, 100 mm.
(D) Sagittal MEC section showing innervation of LII
following AAV DIO-ChR2-mCherry injection into
the contralateral MEC of CBCre mice. Scale bar,
100 mm.
(E) Synaptic responses and firing pattern of a tar-
geted SC and a FS interneuron. ChR2-mCherry-
expressing axons were stimulated by 5-ms laser
pulses (blue bar) and EPSCs were recorded.
Excitatory and monosynaptic inputs were identi-
fied in the presence of the indicated antagonists.
Abbreviations are as follows: L, layer; CTB, cholera
toxin subunit B;MEC,medial entorhinal cortex; FS,
fast-spiking interneuron; and SC, stellate cell. See
also Figure S6 and Table S2.in LII of the MEC but also of CTB+/EGFP+ cells, pointing to the
presence of long-range GABAergic neurons in the MEC that
project to the MS (6.1% ± 2.8% CTB+/GAD67+; a total of 449Neuron 89, 194–20CTB+ neurons in 8 hemispheres from
4 GAD67EGFP mice were analyzed;
Figure 5D).
Distinct Populations of GABAergic
Neurons from the MS Target
the MEC
There is evidence that interareal connec-
tivity via long-range GABAergic projec-
tions is often reciprocal (Caputi et al.,
2013). Hence we injected the retrograde
tracer fluorogold (FG) into the MEC of
wild-type mice and detected FG+ neu-
rons that were distributed throughout
the dorsal-ventral extent of the MS (Fig-
ures 6A and 6B). Concomitant labeling
with GABAergic neuron markers re-
vealed PV+ neurons in the MS as one
source for long-range GABAergic projec-
tions to the MEC (9.9% ± 4.7% FG+/PV+;
663 FG+ neurons in 4 wild-type mice;
Figure 6A). We also identified retro-
gradely labeled CB+ neurons, providing
evidence that more than one
GABAergic subpopulation of the MS pro-
jects to the MEC (7.7% ± 0.6% FG+/CB+;
526 FG+ neurons in 4 wild-type mice;
Figure 6B).Following injections of FG into the right hippocampus and CTB
into the right MEC of the samemouse, we identified PV+ and CB+
neurons labeled with both retrograde tracers, suggesting that8, January 6, 2016 ª2016 The Authors 201
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Figure 5. LII Neurons Project to the MS
(A) CTB+ neurons in MEC LII (red arrows) following tracer injection into the MS.
Scale bar, 100 mm.
(B) CTB+/CB+ neurons located in CB islands (left two panels) and CTB+/RE+
cells (right two panels) following CTB injection into the MS. Scale bars, 20 mm.
(C) CB+ neurons (red) located in the same CB island can project to either the
MS (green CTB labeling) or the contralateral MEC (blue CTB labeling). Boxed
double-labeled neurons are shown below as a merged image and the single
channel for green and blue CTB. Scale bar, 50 mm.
(D) GAD67EGFP+ neuron in LII co-labeled with CTB following tracer injection
into the MS (upper panel). The boxed double-labeled neuron is shown below
as a merged image and the single channel for EGFP and blue CTB. Scale bar,
50 mm.
Abbreviations are as follows: CB, calbindin; c, contralateral; CTB, cholera toxin
subunit B; L, layer; MEC, medial entorhinal cortex; MS, medial septum; and
RE, reelin.single GABAergic neurons in the MS can project to both target
regions (7 FG+/CTB+/PV+ neurons in 3 mice, 430 FG+ and 107
CTB+ neurons; 3 FG+/CTB+/CB+ cells in 2 mice, 248 FG+ and
53 CTB+ neurons; Figures 6C and 6D).
GABAergic Long-Range Neurons Originating in the MS
Target Distinct Inhibitory Neurons in LII
After establishing that PV+ andCB+ neurons originating in theMS
project to the MEC, we next sought to determine the identity
of the target cells. To this end we first injected AAV DIO ChR2-
mCherry into the MS of PVCre mice. Virus injection resulted in
specific expression of the fluorescent fusion protein ChR2-
mCherry in PV+ neurons of the MS (Figure 7A). In the MEC, the
projections of these neurons could be detected throughout all
layers. MCherry-labeled axons formed a dense network in LII202 Neuron 89, 194–208, January 6, 2016 ª2016 The Authors(Figure 7B). The GABAergic phenotype of the long-range axons
was confirmed by their VGAT positivity (data not shown).
Subsequently we combined laser stimulation of ChR2-positive
axons with patch-clamp recordings and morphological recon-
struction of target cells in MEC LII. Despite the dense axonal
plexus, none of the glutamatergic neurons belonging to the
four cell types described above—stellate cells, intermediate
stellate cells, pyramidal cells, and intermediate pyramidal
cells—responded to laser stimulation (n = 99 cells from 19
mice; Figure 7D). Responses could be detected only in
GABAergic neurons (Figures 7C and 7D). Target cells comprised
both FS and non-FS GABAergic neurons. Of the analyzed FS
cells, two-thirds responded to laser stimulation (66% out of 53
cells from 17 mice; Figures 7D and 7E), whereas only one-third
of non-FS GABAergic neurons responded (32% out of 28 cells
from 10 mice; Figures 7D and 7E). The GABAergic nature of re-
sponses was confirmed by the reversal potential (59.5 ±
2.1 mV, n = 8 cells from 5mice) and the blockage with Gabazine,
but not with D-AP5 and CNQX (n = 7 out of 7 cells from 6 mice;
Figure 7C). Similar results were obtained following viral infection
of septal glutamatergic and GABAergic neurons. All recorded re-
sponses in LII were restricted to GABAergic interneurons and
were inhibitory (Figure S7).
We tested how inhibition via PV+ long-range projections
affected the activity of targeted FS neurons. We depolarized re-
sponding FS cells to suprathreshold potentials and activated
long-range axons locally with 8-Hz laser pulses of 60-ms dura-
tion to simulate rhythmic burst firing of PV+ cells in the MS (Bo-
rhegyi et al., 2004; King et al., 1998; Li et al., 2014). All analyzed
FS neurons in MEC LII reduced their firing rate during laser stim-
ulation transiently (n = 11 cells from 5mice; Figure 7F). The over-
all firing rate was reduced from 10.2 ± 1.1 Hz to 6.8 ± 0.9 Hz
during laser stimulation (p < 0.01, repeated-measures ANOVA
followed by post hoc Tukey’s test), while no persistent changes
of the post-stimulation firing rate were seen (p > 0.05, repeated-
measures ANOVA followed by post hoc Tukey’s test).
To determine the targets of septal long-range CB+ neurons,
we injected AAV DIO ChR2-mCherry into the MS of CBCre
mice. Virus injection resulted in specific expression of the fluo-
rescent fusion protein ChR2-mCherry in CB+ neurons of the
MS (Figure S8A). In the MEC, mCherry-labeled axons reached
LII, and the GABAergic phenotype of the long-range axons
was confirmed by their VGAT positivity that was visible in the
transition zone between LI and LII (Figure S8B). Of note, re-
sponses could be detected only in LTS interneurons (80% out
of 30 cells from 9 mice; Figure S8C).
DISCUSSION
Local Excitatory and Inhibitory Network in LII
On the basis of electrophysiological parameters, we distin-
guished in addition to stellate and pyramidal cells two other
excitatory cell types in LII, namely intermediate stellate and inter-
mediate pyramidal cells. When scrutinizing previous studies, a
certain extent of heterogeneity within the two cell classes can
be inferred. Thus, in the study by Klink and Alonso (1997), both
electrophysiologically identified stellate and pyramidal neurons
exhibit some variability with respect to their morphology. Further
FG/CB 
 
MS  
FG/PV 
 
MS  
FG injection into MEC FG injection into MEC 
FG/PV 
 
FG/CB 
 
PV  
FG  
CB  
FG  
A  B  
FG injection into HC 
CTB  injection into MEC 
FG injection into HC 
CTB  injection into MEC 
C  D  MS  MS  
FG/CTB/PV 
 
FG/CTB/CB 
 
CB 
 
PV 
 
FG in HC CTB in MEC FG in HC CTB in MEC 
FG 
 
PV 
 
FG 
 
CB 
 
Figure 6. Septal GABAergic Neurons Projec-
ting to the MEC
(A) FG-labeled neurons in the MS (left, upper panel)
following tracer injection into the MEC. PV staining
of the same section (left, lower panel). The overlay
is shown at higher magnification (right panel). Scale
bar, 100 mm. Higher magnification images below
show the double-labeled neuron indicated by the
arrow in the right panel. Scale bar, 20 mm.
(B) FG-labeled neurons in the MS (left, upper panel)
following tracer injection into the MEC. CB staining
of the same section (left, lower panel). The overlay
is shown at higher magnification (right panel). Scale
bar, 100 mm. Higher magnification images below
show the double-labeled neuron indicated by the
arrow in the right panel. Scale bar, 20 mm.
(C) Image of a FG+/CTB+/PV+ neuron in the MS
following FG (blue) injection into the hippocampus
and CTB (red) injection into the MEC. Scale bar,
20 mm.
(D) Image of a FG+/CTB+/CB+ neuron in the MS
following FG injection into the hippocampus and
CTB injection into the MEC. Scale bar, 20 mm.
Abbreviations are as follows: CB, calbindin; CTB,
cholera toxin subunit B; FG, fluorogold; HC, hip-
pocampus; MEC, medial entorhinal cortex; MS,
medial septum; and PV, parvalbumin.morphological variance was reported in another study (Gatome
et al., 2010). Finally, Canto and Witter (2012) reported that
‘‘sag’’ and ‘‘non-sag neurons’’ comprise at least five cell types
when separated on morphological grounds. We searched for
additional intrinsic parameters that would help to classify the
different cell types in LII. While some parameters were clearly
overlapping, we found that the sag, latency to first spike, dAP,
and the ratio of ISI1/2 allowed a classification into four cell types.
Thus, our analysis enabled us to further subdivide what was
formerly denoted as ‘‘sag neurons’’ into stellate, intermediate
stellate, and intermediate pyramidal cells. The most conspicu-
ous parameters that helped to distinguish stellate cells from
the two intermediate cell types are dAP, latency to spike firing,
the initial burst, and the presence of an apical dendrite. Post
hoc marker expression analysis of biocytin-filled cells helpedNeuron 89, 194–20to distinguish stellate and intermediate
stellate cells from pyramidal and interme-
diate pyramidal cells in LII. It must be
pointed out, however, that we detected
co-expression of the two markers both
in some intermediate stellate and some
intermediate pyramidal neurons.
LII excitatory neurons can be distin-
guished based on their cell-type-specific
excitatory and inhibitory connectivity.
Thus, we detected excitatory connections
between intermediate cell types that
target directly stellate or pyramidal cells,
but not between pairs of stellate cells or
pyramidal cells. Previous studies empha-
sized the absence of excitatory connectiv-ity in LII neurons, but concentrated on stellate cells (Couey et al.,
2013) or cells with stellate-like appearance (Dhillon and Jones,
2000). The frequency of excitatory connections ranged from
4.3% (between stellate cells to intermediate stellate cells) to
10% (between intermediate pyramidal cells to stellate cells)
and is comparable to what was reported for superficial layers
in other brain areas (Feldmeyer et al., 2006; Holmgren et al.,
2003; Mason et al., 1991).
The importance of inhibition in LII was emphasized by Couey
et al. (2013), who highlighted the frequent coupling between FS
interneurons and stellate cells. Strikingly, we found here that
pyramidal cells were not inhibited either by FS or SOM+ inter-
neurons, but exhibited recurrent connectivity with 5-HT3A
+
interneurons. Cell-type-specific inhibitory connectivity in LII
clearly separates pyramidal neurons not only from stellate and8, January 6, 2016 ª2016 The Authors 203
intermediate stellate cells but also from intermediate pyramidal
cells. It is safe to assume that the connectivity between
5-HT3A
+ interneurons and pyramidal cells is identical to that
reported by Varga et al. (2010). The authors reported that
excitatory CB+, but not RE+ neurons, are inhibited by
cholecystokinin+ basket cells, known to be putative the
5-HT3A
+ interneurons (Morales and Bloom, 1997). Of note,
5-HT3A
+ interneuron connectivity with excitatory neurons in LII
also supports the notion that stellate and intermediate stellate
cells are distinct neuronal entities.
The presence of four excitatory cell types in LII raises the
question as to their function in vivo. The cell-type-specific
inhibitory pattern reported here allows the following conjecture.
Since there is evidence that activation of FS cells in vivo inhibits
grid cell firing most likely via monosynaptic connectivity
(Buetfering et al., 2014), and given that FS interneurons inhibit
stellate cells, intermediate stellate cells, and intermediate
pyramidal cells, we infer that, at least based on the in vitro
data reported here, all three cell types fulfill the criteria of puta-
tive grid cells. Furthermore, as pyramidal cells do not receive
inhibition from FS interneurons, we suggest that grid cells
that were identified based on marker expression (Sun et al.,
2015; Tang et al., 2014) or morphology (Domnisoru et al.,
2013) are very likely the here described intermediate pyramidal
cells.
External Input to LII Neurons
We show here that LII neurons receive excitatory input from CB+
neurons located in the contralateral MEC and inhibitory input
from septal long-range GABAergic neurons. Whereas the former
excites glutamatergic cells and FS cells, the latter inhibits selec-
tively GABAergic neurons. Needless to say, there are other
projections that might be a source of excitation for LII neurons.
These, however, were not considered in this study.
On the basis of previous retrograde tracing studies, it could be
inferred that LIII neurons project to the contralateral MEC (Ama-
ral et al., 1984; Steward and Scoville, 1976). On the basis of
tracing and electrophysiological experiments, we provide evi-
dence that CB+/WFS1+ neurons in LII are an important source
of excitation for contralateral LII neurons. The contralateral pro-
jecting CB+/WFS1+ are very likely identical to the CB+ cells
described by Varga et al. (2010). In the target area all major
cell types were excited either directly or indirectly by axons of
contralateral CB+ neurons. This promiscuous targeting in
conjunction with the local excitatory connectivity accounts for
the high probability of detecting cells in LII that exhibit either
monosynaptic or polysynaptic responses upon optogenetic
axonal stimulation of contralateral CB+ projections.
As indicated above, CB+ cells in LII form island-like structures
that do not comprise, however, a homogenous cell population.
Thus, not only are the islands composed of pyramidal cells and
intermediate pyramidal cells with distinct electrophysiological
features, but CB+ island cells target also different downstream
areas, namely the contralateral MEC and the MS. At least based
on anterograde and retrograde tracing experiments, we could
not detect CB+ neurons targeting the CA1 region as previously
reported by Kitamura et al. (2014), who detected such a projec-
tion in transgenic mice.204 Neuron 89, 194–208, January 6, 2016 ª2016 The AuthorsThe reciprocal GABAergic septal-MEC circuit that we identi-
fied can be viewed as the pendant of the septal-hippocampal
inhibitory pathway. Freund (1989) and Freund and Antal (1988)
reported that septal PV+ cells project to the hippocampus where
they target GABAergic neurons; they also described reciprocal
connections linking these two brain structures (Taka´cs et al.,
2008; To´th et al., 1993).
Long-range reciprocal GABAergic connections were also
found between the hippocampus and the MEC (Melzer et al.,
2012). Here we demonstrate that in the MEC, long-range septal
GABAergic neurons target exclusively inhibitory neurons. Thus,
there is increasing evidence that long-range GABAergic projec-
tions constitute a source of disinhibition in the target area.
For decades the septum has been considered the pacemaker
of hippocampal and medial entorhinal cortical theta activity,
thereby coordinating synchronous activity between distant brain
areas (Buzsa´ki, 2002). In both brain regions distinct cell types fire
at a preferred phase of the theta cycle (Mizuseki et al., 2009).
Thus, lesions or pharmacological inactivation of the MS strongly
reduce theta oscillations both in the hippocampus and the MEC
(Jeffery et al., 1995; Mitchell et al., 1982; Petsche et al., 1962),
leading to spatial memory deficits akin to those observed after
hippocampal lesions (Bannerman et al., 2004; Winson, 1978).
At least for the hippocampus, there are several reports directly
linking the activity of PV+ cells in the septum with hippocampal
theta activity that results from rhythmic disinhibition (Hangya
et al., 2009). A similar mechanism may apply for the MEC. We
identified here two distinct sources of GABAergic inputs to the
MEC that are ideally suited to synchronize downstream target
networks. Of note, from the connectivity pattern it can be
concluded that both GABAergic septal projections cause disin-
hibition in the target area; however, differences in either the re-
cruited networks or their timing is likely, given that the two pro-
jections differ with respect to their target cells: septal PV+ cells
inhibit preferentially FS neurons in the MEC, while septal CB+
neurons inhibit LTS neurons.
Septal input to theMECalso controls the periodicity of grid cell
firing as revealed experimentally upon pharmacological inactiva-
tion of the septum (Brandon et al., 2011; Koenig et al., 2011).
However, so far it is not clear what exactly the contribution of
the septal cholinergic is versus the septal GABAergic input to
the MEC for the generation of grid cell firing and periodicity.
Conclusions
Our study led to the following main findings, each opening up
new avenues that prompt further experimental and theoretical
considerations. First, we identified four types of excitatory neu-
rons in LII. Second, the distinct cell types exhibit cell-type-
specific excitatory and inhibitory local connectivity. These local
networks would meet requirements as proposed by current
continuous attractor models for grid cells. Third, we demonstrate
that CB+ neuron activation in LII leads to fast excitation of all ma-
jor neuronal cell types in the contralateral LII. Finally, we show
that the septum disinhibits neurons in LII via two distinct long-
range GABAergic projections that exhibit cell-type-specific
target selectivity. The exact role of these external sources of
direct and indirect excitation for spatial firing and rhythmicity in
the MEC warrants further investigations.
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Figure 7. Septal PV+ Neurons Inhibit Preferentially FS Interneurons in LII of the MEC
(A) Schematic drawing indicating the site of virus injection into theMS (top). MCherry expression following AAVDIOChR2-mCherry injection into theMS of aPVCre
mouse (coronal section; bottom).
(B) ChR2-mCherry+ axons in LII of the dorsal (left) and intermediate (right) MEC (sagittal sections). Scale bar, 50 mm.
(C) Responses of a targeted FS cell inMEC LII at the indicated potentials and in the presence of indicated antagonists. Blue bars show the duration of laser pulses.
(D) Histogram indicating percentage of responding neurons (red) in LII. The numbers above the bars indicate the number of analyzed cells.
(E) Representative firing pattern and reconstruction of a targeted FS (left) and a targeted non-FS GABAergic neuron (right). Dendrites are indicated in black and
axons in red. Scale bar, 100 mm.
(legend continued on next page)
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EXPERIMENTAL PROCEDURES
Animals
We used wild-type C57Bl/6, GAD67EGFP (Tamamaki et al., 2003), CBCre
(purchased from Taconic Biosciences), Uchl1Cre (obtained from the Mu-
tant Mouse Regional Resource Center), PVCre (Hippenmeyer et al., 2005),
SOMCre (Melzer et al., 2012), and 5-HT3A
EGFP (Inta et al., 2008) mice. All pro-
cedures involving wild-type and genetical modified mice had ethical approval
from the Regierungspra¨sidium Karlsruhe (AZ 35-9185.81/G-173-12) and
(G-254-14).
Injection of Retrograde Tracer into the Mouse Brain
Eight-week-old male wild-type and GAD67EGFP mice were injected with
100 nl Cholera Toxin subunit B (Alexa Fluor 488 Conjugate or Alexa Fluor
555 Conjugate, Life Technology GmbH) or injected with 70 nl Fluorogold
(0.5%, Fluorochrome). Animals were anesthetized with isoflurane, mounted
in a stereotactic apparatus, and kept under isoflurane anesthesia during
surgery.
For MEC injections, coordinates were 3.1 mm lateral from the midline,
0.1 mm anterior to the transverse sinus, and 1.8 mm below cortical surface;
for dorsal hippocampal, 2.4 mm posterior to bregma, 2.0 mm lateral to the
midline, and 1.5 below cortical surface; and for MS, 1 mm anterior to bregma
and 4 mm below cortical surface.
Animals were perfused 5 to 12 days after injection and the brains processed
with immunohistochemical methods. For details, see the Supplemental Exper-
imental Procedures.
Injection of Recombinant Viruses into the Mouse Brain
We injected 8-week-old mice. Injections were performed as described above.
150 nl of recombinant virus were injected in entorhinal cortex or MS. For de-
tails, see the Supplemental Experimental Procedures.
Immunohistochemistry, Cell Identification, and Reconstruction of
Biocytin-Labeled cells
These methods involved standard procedures described in the Supplemental
Experimental Procedures.
Image Analysis
Confocal images were taken using a Zeiss LSM 700 microscope (Zeiss) from
anatomically matched sections spanning the lateral-medial extent of the
MEC or the rostro-caudal extent of the MS. Data are presented as mean ±
SEM. For details, see the Supplemental Experimental Procedures.
Electrophysiology
Whole-cell recordings were performed at 30C to 32C using 300-mm sagittal
slices containing the dorsal MEC from mice (6 to 12 weeks old).
For paired recordings, LII cells (from 83 mice) were visually identified, and
cell pairs with less than 40-mm distances were patched with low Cl potas-
sium-based intracellular solution.
Classification of all cells was done based on different electrophysiological
parameters reported by others previously (Alonso and Klink, 1993; Couey
et al., 2013; Lee et al., 2010). Electrophysiological parameters for excitatory
cells are summarized in Table S1.
Connectivity was tested with 40-Hz trains (10 pulses) with postsynaptic cells
voltage clamped either at 70 mV to detect uEPSCs or at 50 mV to obtain
uIPSCs. uEPSCs were verified with Gabazine/CNQX (both 10 mM), applied
sequentially. uIPSCs were inhibited by Gabazine, but not by prior CNQX
bath application.
See the Supplemental Experimental Procedures for long-range MEC-MEC
or septal-MEC connection experiments.(F) Stimulation of septal PV+ long-range projections reduced spiking in LII FS neuro
range axons were stimulated with 60-ms pulses at 8 Hz. Superimposed traces of
the firing rate during 60-ms pulses (*p < 0.05 and **p < 0.01). Data represent me
Abbreviations are as follows: L, layer; MEC,medial entorhinal cortex; MS, medial s
PV, parvalbumin. See also Figures S7 and S8.
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